Since the intricate anatomical structure of the craniomaxillofacial region and the limitation of surgical field and instrument, the current surgery is extremely of high risk and difficult to implement. The puncturing operations for biopsy, ablation, and brachytherapy have become vital method for disease diagnosis and treatment. Therefore, a craniomaxillofacial surgery robot system was developed to achieve accurate positioning of the puncture needle and automatic surgical operation. Master-salve control and "kinematic + optics" hybrid automatic motion control based on navigation system, which is proposed in order to improve the needle positioning accuracy, were implemented for different processes of the operation. In addition, the kinematic simulation, kinematic parameters identification, positioning accuracy experiment (0.56 ± 0.21 mm), and phantom experiments (1.42 ± 0.33 mm, 1.62 ± 0.26 mm, and 1.41 ± 0.30 mm for biopsy, radiofrequency, and brachytherapy of phantom experiments) were conducted to verify the feasibility of the hybrid automatic control method and evaluate the function of the surgical robot system.
Introduction
With the development of modern medical technology and the application of new technology in clinical practice, robot-assisted surgery is widely used as supportive tool for diagnosis, operation planning, and treatment in surgical intervention. Robot assisted puncture surgery is being increasingly accepted as an alternative treatment for cancer patients for surgery, especially in biopsy, thermal coagulation, and brachytherapy [1] [2] [3] . This way benefits patients with advantages of functional saving, symptomatic palliation, and local disease control. The puncture surgeries for craniomaxillofacial region usually are performed by doctors, relying on plentiful clinical experience or various image navigation devices. The intricacy anatomic structure, the extremely irregular shape, and evident personalized feature in maxillofacial surgery bring great challenge to surgical operation [4] . In craniomaxillofacial lesions, especially recurrent maxillofacial cancer, although some experienced surgeon performing the procedure could reduce the potential risks and have some functional results by using commercialized surgery navigation system [5] , such as BrainLab, intraoperative accurate puncture is still difficult for many doctors because of the complex tissue structure and requirements of high accuracy puncture.
Minimally invasive surgical procedures in craniomaxillofacial regions involve tumor biopsy, radioactive seeds brachytherapy, and radiofrequency thermal coagulation. Maxillofacial tumor, especially in skull base region, is one of the most common diseases and early diagnosis is important for treatment. With advance of minimally invasive surgery, needle biopsy has become a widely used method for early diagnosis. Radioactive seeds brachytherapy is well suited for skull base tumor because, unlike traditional radiotherapy, it does not use very high dose rates and is less likely to harm critical organs. At present the procedures of brachytherapy are associated with exposure to radiation. Radiofrequency thermal coagulation faces many challenges including deep oval foramen, long puncture path, complex anatomy, and high precision requirements. Surgeon manually locates the skin entry site of needle, adjusts the angulation of the needle, and negotiates the obstruction during the puncture. These can be great technical challenges for doctors. Needle puncture accuracy affects surgical treatment effect and may cause harm to the patient. Although technical assistance methods have been provided for needle puncture surgery, including conventional CT guide [6] , individual template assistance, and image navigation [7] , accurate needle placement still depends largely to a great extent on the surgeon's experience and hand-eye-mind coordination.
Surgical robots assisted craniomaxillofacial surgeries have developed rapidly nowadays, and advanced control technology and computer advantages greatly improve the maxillofacial surgery, especially the complex anatomical structure. The integration of imaging and robotic technology as "the third hand and eye" of the surgeon can be greatly token advantage of robotic operation, improve needle displacement accuracy, and automatically perform the needle operation. The robot technology is widely known as an important instrument in the maxillofacial surgery because of its increasing advantages, such as high accuracy, stability, and flexibility of control. In 1994 Kavanagh [8] used the image-guided Robodoc robotic system for the first time in preclinical trials in the field of oral and maxillofacial surgery on the sacrum. In 1998 an interactive surgical robot system OTTO for craniomaxillofacial, which was installed on a surgical ceiling, was introduced by Lueth and Hein for drilling or cutting [9] . Genden et al. used Da Vinci robot to complete 9 cases of postoperative repair and reconstruction of tumors [10] . In 2010 Selber conducted a series of studies on the reconstruction of oropharyngeal defect by using Da Vinci surgical robot, including 1 case of free forearm flap, 2 cases of free anterolateral thigh flap, and 1 case of facial artery myomucosal flaps [11] . Theodossy et al. [12] and Omar et al. [13] used robotic arms (FARO arms) to simulate orthognathic surgery in model surgery. Chen Liming et al. [14] combined the Yaskawa MOTOMAN SV3X robot with optical navigation in Japan to simulate the craniofacial deformity on the human skull. Boesecke et al. [15] simulated 48 roboticassisted implant placements that can accurately locate the position, direction, and depth of preoperatively designed implants and assist doctors in the preparation of implant nests. Sun et al. [16] used a 6-degree-of-freedom Mitsubishi robot to perform automated dental implantation. The results showed that the registration accuracy was (1.42 ± 0.7) mm, indicating the feasibility of robot-assisted implant surgery. The RobaCKa robot system was developed by University of Karlsruhe (TH) and University of Heidelberg for craniofacial surgical osteotomy [17] . Kawana et al. [18] developed a remote controlled haptic drilling robot for oral and maxillofacial system. In addition, craniomaxillofacial surgery assisted robots have conducted extensive research in tumor treatment and other surgeries [19] [20] [21] [22] .
In radioactive tumor brachytherapy surgery, radioactive seeds implantation can adversely affect the operator's health and the potential ill effects of radiation cannot be ignored [23] [24] [25] [26] [27] [28] . The robot assisted puncture system could provide great convenience for doctor once it can automatically perform needle puncture, radioactive seeds delivery and keep the doctor at a safe distance from the radioactive seeds. At the same time, the doctor can visualize the procedure of needle puncture in real time and display it in the medical image system [29] . By comparing preoperative planning and postoperative images, the robot assisted surgery system could verify the operation effectiveness. So we have developed a robot assisted craniomaxillofacial surgery system and evaluated the feasibility and reliability of this robot system in phantom experiments.
System Overview
According to the function of the surgical robot system, the robot assisted craniomaxillofacial surgery system as shown in Figure 1 could be divided into three subsystems, including robot subsystem, navigation subsystem, and medical image processing subsystem.
Robot subsystem comprises a positioning mechanism for needle displacement and three end effectors for tumor biopsy, radioactive tumor brachytherapy, and radiofrequency thermal coagulation (Figure 1 ). In brief, the technical specifications of the robot system are as follows: (1) this weight is 15 kg, portable and remotely controlled, easy to be fixed to the operating table; (2) 5 degrees of freedom (DOFs) robot is used, with 3 DOFs for rotational motion, 1DOF for translational motion, and 1 DOF for surgical end effector operation. Rotating joint DOF consists of maxon motor and harmonic reducer; prismatic joint includes motor and precision linear slider. (3) Three operations correspond to three different surgical end effectors, and the universal interface at the robot fifth joint mounts quickly the end effectors to the robot with high accuracy. (4) Bus control system based on CANopen protocol completes robot joint control. (5) A 6-dimension force sensor (3813A SRI, Sunrise Instruments, Nanning, China) is fixed between the fifth joint and the end effector.
According to operation requirements, three end effectors ( Figure 2 ) are designed, quickly installed, and disassembled to the robot end joint through the universal interface. In addition, the end effector for brachytherapy containing a cartridge with radioactive seeds was connected by a clamping slot connection, which facilitated easy removal and sterilization.
Navigation subsystem (Figure 3 ) realizes the registrations of various workspaces, obtained the transformational relationships between any robot workspaces, and provides realtime intraoperative navigation for surgery. An optical tracking system (Polaris, Northern Digital Inc., Waterloo, Canada) with 0.35 mm positioning accuracy and 20 Hz update rate is focused that consisted of an optical tracker, one passive four-maker probe, and two passive four-marker rigid bodies. Two passive rigid bodies are fixed on the robot end effector and patient's head. In the surgical robot space navigation and positioning system, two import functions are surgical registration and intraoperative real-time tracking navigation. The optical tracker as measurement tool tracks the positions and orientations of probes and rigid bodies in real time.
Medical image processing subsystem includes the following features: 3D volume rendering of medical images, surgical scene control, 2D and 3D image segmentation, puncture path information processing, puncture path recommendation, postoperative verification, and evaluation. In addition, combining optical navigation system, real-time display of puncture needles in the image processing subsystem is displayed.
Control Strategy
In order to be convenient to the doctor's operation and reduce the learning time in which doctors operate surgical robot, the control system of surgical robot is designed from the perspective of human-computer interaction and operation procedure and is divided into two parts, automatic control for fine adjustment and master-slave control for passive positioning. Master-slave control mainly moves puncture needle from the starting point to the vicinity of entry point and remotely implants radioactive seeds. In mastersalve mode, the robot's movement follows the doctor's hand, avoids collision with the patient's body, and positions the operation needle in the vicinity of the entry point [30, 31] . In automatic control mode, the robot achieves the precise positioning of the target point and completes the puncture process. The robot control hardware design mainly includes drive module (maxon motor and ACK-055-06 control driver of Copley, USA), CAN communication card (CAN-PCI-02 Copley), six-dimensional force sensor (3813A SRI, Sunrise Instruments, Nanning, China), and hardware circuit modules.
Master-Slave Control.
The goal of the master-slave control is to obtain high transparency and provide good maneuverability. In the master-slave mode, the puncture needle could be controlled from current position to the vicinity of the entry point. The method is a more convenient operation, especially in the radioactive tumor brachytherapy surgery; this reduces the radiation received during the procedure. The doctor could complete radioactive tumor brachytherapy surgery by using remote operation. The master device (6 DOFs, omega.6 haptic device, Force Dimension, Switzerland) provides decoupling of translational and rotational motions, enabling gravity compensation, etc., and the slave device is the surgical robot. The doctor views the target and current pose of the puncture needle in real time, observes the movement of the robot, and prevents the puncture needle from interfering with the obstacle such as skull, fixed bracket, or surgical instruments in the surrounding environment. The control strategy of double-end force/position feedback is used and has a good dynamic response, as shown in Figure 4 . The dynamic equation of the master could be expressed as follows:
where , , and are the inertia, damping coefficient, and stiffness matrix of master device.
and are the force values monitored from the master and slave force sensor. is the driving force of the master device. is the force applied by the operator to the master device.
is the displacement vector.
is the force gain matrix. The dynamic equation of the slave could be displayed.
where , V , and are the acceleration, speed, and position gain matrix of the slave. The dynamic equation and control strategy of the environmental could be expressed.
, , and , respectively, represent the inertia, damping coefficient, and stiffness matrix of the tissue environment. is the position vector of the contact tissue environment. A constant transmission delay in the communication channel is considered. In the master-slave control strategy, the integral separation PID control algorithm is adapted and improves the speed response in stages. The method is that when the deviation is more than a given deviation, PID control is used to avoid overshooting and ensure the system's response speed. When the deviation is less than a given threshold, PID control is used to ensure the control accuracy. The method is to multiply the integral term by a coefficient, and the value of the coefficient is 0 or 1 depending on the deviation.
Through analyzing the control method of the PID method and combining the master-slave control algorithm, accurate and rapid control of the master-slave operation could be realized.
"Kinematics + Optics" Hybrid Automatic Motion Control.
Once the robot needle reaches the vicinity of the entry point during the execution of the surgery, the automatic motion control is chosen by doctor from the master-slave control. By the surgical planning software, the target pose of the puncture entry point is transmitted to the robot system and navigation system. The positioning accuracy of robot could be affected by the kinematics calculation, mechanical transmission, servo control, etc. In order to improve the positioning accuracy of the robot, the "kinematics + optics" hybrid motion control method is proposed. The robot inversely solves each joint movement angle through the inverse kinematic, and the target pose is converted into the navigation system through spatial registration relationships. The robot, which moves to the target point according to the operation plan, realizes accurate motion through the closed loop control of the joint encoder. Meanwhile, the pose quaternions from navigation system are used for pose correction. The pose needle and patient could be tracked and compensated in real time to ensure the accuracy of the puncture. The robot automatic control system block diagram is shown in Figure 5 . Firstly, the target point in the medical image system is converted into the real patient coordinate system. The navigation system is used to locate the position of the patient in real time by the passive rigid body fixed to the patient, so as to compensate the deviation caused by the movement of patient. After the target pose is transmitted to surgical robot coordinate system, the robot moves to the target point by comparing with the real-time pose of the puncture needle tip as so to achieve accurate positioning of the target point.
The robot automatic control system includes two closedloop controls; one is the servo control of the robot body system, that is single-joint servo control, and the other is global closed-loop control based on optical navigation. In robot automatic control, the global closed-loop control is achieved by real time acquisitions of optical navigation.
Image Target is the target pose in the medical image coordinate system. By the conversion relationship between the patient coordinate system and the image coordinate system, the target pose in the patient coordinate system can be obtained.
The target point is converted from patient coordinate system to the optical navigation coordinate system, and the conversion relationship between the two coordinate systems has been determined in the spatial registration. Due to movements of the patient or optical navigation tracker during surgical operation, the transfer relationship is compensated through real-time navigation tracking. The target point in the navigation coordinate system Target is represented.
Before the robot moves to target point, the target position and orientation of robot will be transformed from navigation coordinate system to robot coordinate system. Also due to the movement of the robot or optical navigation the transfer relationship between them is compensated through real-time navigation tracking. Since the passive navigation rigid is installed at the end effector of the robot and the robot transfer relationship is based on the robot base coordinate system, the robot joint angle values are determined by the inverse kinematics so that the deviation between the robot coordinate system and navigation coordinate system could be calculated. Δ is the compensation parameter matrix, and the target point in robot base coordinate system could be listed.
Through inverse kinematics calculation, the target point can be converted into the joint vectors of robot to control the robot motion. The position information of current puncture point in navigation coordinate system can be obtained by the real-time tracking of passive rigid body. The pose of current puncture point is converted to the robot coordinate system, and the closed-loop control can be achieved by comparing with the target pose in robot base coordinate system. Δ Target is deviation between the current pose information of puncture point and the target pose in robot base coordinate system. The deviation can be adjusted by PID controller:
Target ( )
where is the proportional gain, is the integral gain, is the derivative gain, k is the sampling sequence, and k = 0, 1, 2. . .n. Δ Target is the increment of deviation at the k sampling time. Target ( ) is the output of the PID controller at the k sampling time. The optimal deviation is obtained by adjusting the gain parameters of PID controller. Thus, the joint angles can be calculated by inverse kinematics to control the robot to reach the target position.
Simulation and Experiments

Kinematic Simulation.
The simulation aims to express the process of robot running and then ensures the velocity and acceleration of motion joints in the process of continuous motion. The method of simulation is analyzing mechanical property to single component with application of Newtonian mechanics, establishing the relationship of force and velocity under certain restraint condition. Once setting the robot and the motion trajectory, the postprocessor module of Adams could be used to analyze robot joint force and velocity as shown in Figure 6 . It is significant to optimize the structure and hardware selection of robot.
D H Parameter Identification.
According to the correction of the D-H parameter model of the robot, there are certain errors in the parameters of the robot due to the factors such as processing, assembly, and environments. The geometric method and fitting method are adopted for the D-H parameter identification. The zero position of robot is determined by geometric method and the initial kinematics D-H parameter of the robot is given. Then, the D-H parameters are corrected by using the fitting method. The parameter identification for measuring tool uses FARO measuring arm (FARO Edge, FRAO Technology, Inc.).
The FRAO measuring arm is fixed near the surgical robot to ensure that the measuring points could cover the operating space of the surgical robot. The origin positions of each joint coordinate system of the robot kinematic model are obtained by fitting spatial point sets. The method is to control each joint of robot to move to different positions and to obtain the coordinates of the marker points on the end effector using the probe of the FARO measurement arm at each position. The corresponding joint axis directions are calculated by fitting these measurement points. Then the initial D-H parameters could be got by the corresponding joint coordinate origins positions. 
A certain threshold of the deviation between the theoretical pose value and the actual pose value in the measurement coordinate system is set. Once the threshold satisfies the conditions, the parameter deviation vector could be obtained. 20 point coordinates in the measurement coordinate system and the corresponding joint angles are recorded. The iterative least squares method is used to obtain the deviation of the joint coordinate system parameters. 5 trials for each of 20 points were performed and averaged in Figure 7 . The correction value of the D-H parameters is calculated in Table 1 .
Positioning Accuracy Experiments. Robot positioning accuracy experiments are the verification of the controlled
Three-axis precision slide Robot end effector In the positioning accuracy experiment of hybrid control mode, the passive rigid body is fixed at the end-effector of robot. The optical tracker is placed in a representative location to achieve the best positioning effect. The "kinematics + optics" hybrid motion control method is applied to the motion control of robot. The needle tip of robot is controlled to move to predetermined target positions, and its coordinates are recorded by the three-axis precision slide simultaneously. Then the positioning error of robot based on "kinematics + optics" hybrid motion control method can be obtained. In order to ensure the accuracy of the operation in actual operation, the maximum speed is operated at a distance of 3 cm from the target point. Within 3 cm from the target point, the needle point speed is controlled to be less than 0.02 m/s.
In order to ensure the effectiveness of the robot operation in the workspace, we randomly grabbed 200 points in the workspace in Figure 9 and divided them into 10 groups, 20 points in each group. Control the puncture needle from the same starting position to the target position in open-loop and "kinematic + optics" hybrid motion control mode in each group. 
Phantom Experiments of Biopsy, Radiofrequency, and
Brachytherapy. In order to verify the error of the robotassisted puncture surgery system, the phantom experiments of biopsy, radiofrequency, and brachytherapy were conducted as shown in Figure 11 . The skin was simulated by plasticine and the puncture target made with meat balls was buried inside the phantom. For different operations, the corresponding end effector was chosen. In the brachytherapy phantom experiment, the stainless steel wires of 1 mm diameter and 5 mm length were used instead of radioactive seeds to avoid radiation to the operators. All experiments were performed in the department of oral and maxillofacial surgery (Peking University School and Hospital of Stomatology). The study was approved by the local ethics committee.
The preoperative planning coordinates and postoperative seeds position were aligned by matrix transformation after image fusion, using the ICP algorithm. The total error was defined as the Euclidean distance calculated by the offsets of the coordinates. 30 trails of biopsy phantom experiments were performed and the mean placement error was 1.42 ± 0.33 mm. In the radiofrequency thermal coagulation phantom experiment, the mean placement error corresponding to 20 groups was 1.62 ± 0.26 mm. In the radioactive tumor brachytherapy phantom experiment, a total of 100 seeds were deposited by the robot system. The mean placement error was 1.41 ± 0.30 mm in phantom experiments (p< 0.005). The results of experiments were shown in Figure 12 .
The cause of the errors includes the following: the layer spacing of the CT device, the 3D reconstruction image algorithm, the registration algorithm, robot control positioning error, and needle deformation. From the experiments data, the reason that the error of radiofrequency experiment is more than biopsy and brachytherapy is the longer puncture depths. The effect of brachytherapy experiment is analysis by the treatment planning system and shows that the radioactive dose map deviation is less than 1%, which is a reasonable seeds implantation as shown in Figure 13 . 
Conclusions and Discussion
This paper presents a robot assisted craniomaxillofacial surgery system through the analysis of surgical requirements. Motion performance analysis was conducted to validate the flexibility and feasibility of robot system. The hybrid automatic control for active fine adjustment and master-slave control for passive positioning were designed to build robot control system. In addition, the kinematic simulation and D-H parameter identification experiments were conducted to verify robotic precise manipulation. Positioning accuracy and phantom experiments of biopsy, radiofrequency, and brachytherapy demonstrate that the robot assisted surgery system could have accurate puncture effect.
From the perspective of human development and clinical application, laparoscopic robots, orthopedic robots, vascular interventional robots, and targeted puncturing robots are several important directions. The positioning of the puncture needle is achieved relying on the high precision and stability of the robot [32, 33] . Its application scope includes neurosurgery, craniomaxillofacial puncture, lung, liver, and other organs' percutaneous puncture. Robot-assisted puncture surgery systems are generally composed of surgical robots, medical image planning and processing, and surgical navigation systems, which are, respectively, "hand", "brain," and "eye" of the entire system. In order to provide doctors with a wider vision field and simplify surgical procedures, the surgical robots that are visualized, of lightweight, and easy to integrate with CT/MR devices have begun extensive research. Some puncture robot systems have been commercialized and completed a series of clinical operations in specific areas. At present, commercialized puncture robot systems such as the MAXIO robot system (Perfint Healthcare Pvt. Ltd) are placed near to the CT bed and are controlled to move to the target point through the surgical planning. In addition, there are ROSA from Medtech in France [34] , Renaissance from Mazor Robotics in the United States, Pathfinder from Pathfinder Technologies [35] , NeuroMate robotics from Renishaw in UK [36] , B-Rob from ISYS Medizintechnik GmbH [37] , etc. These systems have already demonstrated certain clinical effects.
In our positioning accuracy experiments, the navigation probe was used to specify the target point. The robot positioning error is analyzed by comparing the specified target point and the actual position of the needle tip. The coordinates of the two measuring points must be in the same coordinate system. It is difficult to measure the coordinates of the puncture tip using an optical navigation probe. So the three-axis precision slide (K301-30LMS-4 Suruga Seiki Co., Ltd., Accuracy 0.1 mm) is chosen to measure coordinates. In order to facilitate the measurement of the coordinates of the needle tip of the puncture needle, a cylindrical rod with a cross section pit is connected to the end of the three-axis precision slide. 20 points, whose positions could be measured by precision slides, are selected for positioning accuracy experiments as much as possible into the robot's entire workspace. The 10 trials were implemented to verify two control modes. The positioning error of open-close control mode is 1.73 ± 0.46 mm, while the hybrid mode control is 0.56 ± 0.21 mm. The reason is that the repeated positioning errors in robotic installation beds are variable, and the registration error between robot and navigation system is also present. The "kinematic + optical" hybrid motion control method utilizes the characteristics of optical navigation real time closed-loop control and kinematics to achieve closed-loop robot control.
In phantom experiments, different materials have been used to simulate soft tissue, with most studies using gels and polyvinyl chloride, which cannot really simulate the complexity of the tissues of the maxillofacial region. During the surgical procedure, the surgical end effectors are replaced as required. If the universal interface generates increased error when replacing the surgical actuator, the surgical robot puncture needle needs to be recalibrated. Therefore, the error experiment about replacing the robot end effector was conducted. The average value of replacing error of the biopsy end effector is 0.307 mm, and the standard deviation is 0.157 mm. The radiofrequency end effector is 0.348 mm and the standard deviation is 0.238 mm. The brachytherapy is 0.164 mm and the standard deviation is 0.091 mm. The phantom experiment study had some drawbacks, as neither plasticine nor meat balls used as targets exhibit significant anisotropism or simulate the complex behavior of soft tissues. The skin was simulated by plasticine and the puncture target was made with meat balls. Compared with the puncture accuracy experiments, the puncture errors caused by the phantom experiments mainly include the following: the layer spacing of imaging equipment, the 3D reconstruction image algorithm, the registration algorithm, the robot control positioning error, and puncture needle deformation caused by plasticine [38] . In addition to the phantom experiment, we also carried out cadaveric experiment on this prototype. The surgical robot finished the needle placement and automatic puncture. In the cadaveric experiment, the average error of biopsy puncture is 2.58 mm, the standard deviation is 0.61 mm, and the tissue can be taken in the biopsy gun for each puncture. The average error of radiofrequency thermal coagulation surgery is 3.17 ± 0.94 mm; one of the 20 experiments failed to pass through the foramen ovale. The average error of the brachytherapy is 2.83 ± 0.50 mm; the TPS system analysis shows that the radioactive dose topographic map deviation was less than 5%.
The needle deformation is an important challenge for robot assisted puncture. The most commonly used oblique tip puncture needles in clinical practice are nickel-titanium alloy materials, which have high elasticity. In the process of soft tissue puncture, there is a needle deflection due to the asymmetry of the needle tip. A reasonable explanation is that needle deflection was primarily responsible for needle displacement with simulated tissue or real tissue, as has been reported in previous studies [39, 40] . Although the hybrid motion control guarantees robot motion accuracy to 0.8mm, the performance of needles, which are vulnerable to be bendable, can bring external errors. At present, the deformation of the puncture needle caused by the soft tissue and the physiological movement of the human body becomes a bottleneck for the robot to achieve high precision puncture positioning. As the puncture needle advances in soft tissue, it receives various resistances from the soft tissue. For oblique flexible needle, the relationship between puncture force and needle deformation is studied to obtain the interaction mechanism, which can make the puncture process accurate, controllable, and safe.
For the difficulty of needle deflection, we carried out the theory and experimental study of needle deflection based on force perception as shown in Figure 14 . The 18G and 20G flexible oblique-tip needles were used to puncture the phantom at different speeds. The camera took the puncture process and the puncture depth was 120 mm to analyze the difficulty of needle deflection. The flexible oblique-tip needle is used so that the needle deflection can be presented more easily. The soft tissue phantom should be able to simulate good viscoelastic soft tissue characteristics. The phantom used in this puncture experiment was prepared by mixing gelatin powder with water in a certain proportion and refrigerating in a refrigerator at 4 ∘ C for 12 hours. Since the gel is prone to water loss and hardening, the experiment must be completed within 1 hour after being taken out from refrigerator.
Analysis of experimental results shows that the finer the puncture needle is, the larger the needle deflection is. By recording the puncture force, the theoretical model is used to analyze the offset of the flexible oblique-tip needle. The offset of the needle in the acquired image is compared with the theoretical analysis; the measured error is less than 1 mm. This work is still under study; experiments on multilayer soft tissue phantoms are continuing to be performed.
Although many efforts have been made to model needle insertion forces, it has so far not been possible to correctly predict needle tissue interactions because of the variability of the soft tissue properties. Interventions with rotating needles are a considerable alternative to provide highly beneficial accuracy in relative studies [41, 42] and we will take this into consideration when studying the next work. In the future, some functions need to be optimized in order to improve the system performance. More phantom and clinical experiments should be done to improve and evaluate the robot system.
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